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ABSTRACT Retinoic acid (RA) plays a critical role in
normal development, growth, and maintenance of certain tis-
sues. The action of RA is thought to be mediated in part by the
three nuclear receptors (RARa«, -8, and -y), each of which is
expressed as multiple isoforms. To investigate the function of the
RARa gene, we have disrupted, in the mouse, the whole gene or
the isoform RARal. Although RARal is the predominant
isoform and is highly conserved among vertebrates, RARa1-null
mice appeared normal. However, targeted disruption of the
whole RAR« gene resulted in early postnatal lethality and testis
degeneration. These results, showing that RARa is indeed
involved in the transduction of the RA signal, also suggest an
unexpected genetic redundancy.

Feeding animals a vitamin A (retinol)-deficient diet has
shown that this vitamin plays a critical role in growth,
maintenance of numerous tissues, and overall survival (1, 2).
In addition, offspring of vitamin A-deficient dams exhibit a
number of developmental defects (3). Most effects of vitamin
A deficiency can be prevented or reversed by retinoic acid
(RA) (4, 5). The teratogenicity of maternal RA administration
and the effects of topical application of RA have further
supported the idea that RA may play an important role in
morphogenesis (6-8). It is thought that the effects of the RA
signal are mediated through two families of receptors which
act as inducible transcriptional regulatory proteins and be-
long to the superfamily of nuclear receptors. The three
retinoic acid receptors (RARa, -B, and -v) and their isoforms
bind all-trans- and 9-cis-RA, while the three retinoid X
receptors (RXRa, -B, and -v) bind only 9-cis-RA (refs. 9 and
10 and references therein). The high degree of conservation
of a given receptor (or isoform) across vertebrates, and their
specific patterns of expression during embryogenesis and in
adult tissues, has suggested that each of the receptors per-
forms a specific function (9). In this respect the RARa gene
is unique among the RARs in being almost ubiquitously
expressed in embryonic and adult tissues (11-13). The tran-
scripts of the major RARa isoform, RARal, whose promoter
region resembles that of a housekeeping gene, are widely
distributed, whereas the transcript distribution of the less
abundant, RA-inducible isoform RARa?2 appears to be more
restricted (11, 14). To investigate the function of RARa, we
have deleted, in the mouse, either the whole gene or specif-
ically the RARal isoform.

MATERIALS AND METHODS

Gene Targeting of RARa and RARal. For full RARa
disruption, an 11-kb EcoRI-Spe I fragment (containing the
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A2 and B regions) from AG2mRAR« (11) was subcloned into
the EcoRI/Xba I sites of pTZ18R to create p807. TGAGCGG
was inserted after the CCA encoding the proline at aa 19 of
the B region (11), creating an in-frame stop and a unique Not
I restriction site to generate p819, into which the 1.7-kb Not¢
I fragment containing the GTI-II enhancer-driven neomycin
gene [purified from p581 (15)] was cloned to generate p826B1,
which was linearized by cleavage at its single Sal I site and
used for electroporation. p826B1 has 8 kb and 3 kb of genomic
DNA 5’ and 3', respectively, to the neomycin insertion. For
RARal isoform disruption, a 9-kb EcoRV-Sal I fragment
from AGImRARa was subcloned into pBluescript KS(+)
(Stratagene) to generate pD182, which was partially digested
at the Kpn I site (at codon 19 of the A1l region), into which site
was subcloned the 1.4-kb Kpn I enhancerless Rous sarcoma
virus TATA box-driven neomycin gene fragment [derived
from p581 (15)] to generate pD183. pD183 was digested with
EcoRV and ligated with the 2.3-kb GTI-II enhancer-driven
herpes simplex virus thymidine kinase gene fragment [puri-
fied from p565 (15)] to generate pD209, which was linearized
at its single Spe I site and used for electroporation. pD209
contains 8 kb and 1 kb of DNA 5’ and 3’, respectively, to the
site of neomycin insertion. Genomic DNA extraction, South-
ern blotting, embryonic stem (ES) cell culture, generation of
chimeras, and probe preparation were as described (15).
Probes 1, 2, and 3 correspond to 1.4-kb Xba I-Spe I (from
AG2mRARa) and 0.8-kb BamHI and 1.4-kb Not I-Sma 1
(from AG1lmRARa) fragments, respectively; both 2 and 3
were used in RARal disruption.

Western Blot Analysis. Embryos from RARa heterozygote
matings were removed at 13.5 days postcoitum (dpc), and the
yolk sac was taken for DNA genotyping. Whole cell extracts
from transfected COS-1 cells and nuclear extracts from
embryos were prepared as described (16, 17). Sample dena-
turation, electrophoresis, transfer to nitrocellulose, blocking,
and antibody probing were as described (16). Primary anti-
body was detected with protein A-coupled horseradish per-
oxidase followed by chemiluminescence reagents (Amer-
sham). Rabbit polyclonal antibodies specific to RARa
[RPa(F)] and RARB [RPB(F)2] were generated as described
(17, 18).

RESULTS

Two types of mutant alleles of the RARa gene were created
by homologous recombination using the ‘‘replacement’
strategy (19) (Fig. 1a). The first mutant allele (termed RARa)
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prevents the synthesis of all RAR« isoforms by disruption of
exon 8, which encodes the common receptor region B. The
second mutant allele (termed RARal) selectively prevents
the synthesis of the RARal isoform by disruption of exon 3,
which encodes the RARal-specific Al region. Following
electroporation into D3 ES cells (26) and selection with G418
(or G418 and gancyclovir in the case of the RARal disrup-
tion), resistant clones were expanded and analyzed by South-
ern blotting (data not shown; see Fig. 1 a and b). The RARa
and RARal constructs gave seven and three homologous
recombination events per 32 and 22 resistant colonies, re-
spectively. Five and three positive ES clones for RARa and
RARal mutations were used to establish chimeric animals.
One of the RARa ES clones (KC25) and three of the RARal
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ES clones (KA3, KAS, and KA26) gave germ-line transmis-
sion. Mice heterozygous for either mutation were healthy and
fertile. Intercrossing of heterozygous mice for either muta-
tion produced homozygous offspring (Fig. 1o and below).
To verify that the RARa and RARal RNAs were func-
tionally disrupted, we performed RNase protection assays
using RNA from embryos at 13.5 dpc (a time at which RARa
RNA is abundantly expressed; see ref. 13). Wild-type em-
bryos and embryos heterozygous for the RARa mutation
expressed the two major RARa isoforms (RARal and
RARa2; Fig. 1c, lanes 2 and 3). However, in the RARa
homozygotes, only the mutant form of RARa RNA was
present (RARamut; Fig. 1¢, compare lane 4 with lanes 2 and
3). Similarly, for the RARal mutation, wild-type and hetero-
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Fi1G. 1. (a) RARa targeting constructs, wild-type RARa locus, and disrupted alleles. The various regions of the RARa protein (A-F), the
DNA-binding domain (DBD), and the ligand-binding domain (LBD) are indicated at the top (9). The alternative promoter (P1 or P2) usage and
alternative splicing of exons (E1-E8), which generate the al and a2 isoforms, are also shown. mRAR, mouse RAR. The two targeting constructs
are drawn above the wild-type (WT) RARa locus. The RARal targeting construct (left) has the neomycin-resistance gene (NEO) inserted into
the Al region encoded by exon 3 (E3) and has a herpes simplex virus thymidine kinase gene (tk) at its 5’ end. The RARa targeting construct
(right; note that it does not include tk) has NEO inserted into the B region, which is encoded by exon 8 (E8) (11). Plasmid vector sequences
are not shown. The structure of the targeted alleles and the restriction enzyme digests and DNA probes used for Southern blotting are indicated.
B, Bgl11; H, HindIll; K, KpnI; N, Not I; R, EcoRI; RV, EcoRV; S, Spe 1; Sa, SalI; X, Xba 1. (b) Southern blots of offspring from intermatings
of mice heterozygous for either RARa or RAReal disruptions. The positions of the wild-type (+) and mutant (—) alleles are indicated, as well
as their size. Offspring genotypes are indicated below the lanes: +/+, wild type; +/—, heterozygote; —/—, homozygote. Probes 1 and 2
correspond to the probes shown in a. (c) RNase protection analysis of RNA from 13.5-day embryos that were +/+, +/—, or —/— for either
the RARa (lanes 1-4) or the RARal (lanes 5-7) disruption. Fifty micrograms of RNA purified as described (20) was used per hybridization at
55°C for 8-12 hr. Probe preparation and hybridization reactions were as described (22). Templates for synthesis of labeled RNA probes were
prepared by subcloning the following cDNA fragments: for RARa in the RARa and RARal disruptions, the 384-bp Kpn I-Pst I RARal and
the 361-bp Bal I-Accl I RARal cDNA fragments, respectively (11); for RARB, the 334-bp Pst I RARB2 cDNA fragment (23); for RARY, nt
235-600 of RAR 92 (21) were obtained by PCR amplification; for cellular retinoic acid binding protein I (CRABPI), the 418-bp EcoRI-Ava I cDNA
fragment (24); for CRABPII, the 839-bp EcoRI-HindIIl cDNA fragment (25); for histone H4, the 630-bp EcoRI-HindIII genomic fragment (a
gift of R. Grosschedl, Howard Hughes Medical Institute, University of California, San Francisco). All RAR cDNA subclones contained an
isoform-specific A region and common B and C regions. The identities of the protected fragments (RARa, RARB, RARYy, CRABPI, CRABPII,
and histone H4) are indicated by the arrows. In the case of RARS and RARY, only the protected fragments corresponding to the major isoforms
RARRB? and RARY]1 are shown; similar results were obtained for the other isoforms (RARp1, -83, and -84 and RARY2; data not shown). The
source of RNAs used in the protection assays was as follows: lane 1, tRNA (negative control); lane 2, RAR«a +/—; lane 3, +/+; lane 4, RARa
—/—;lane 5, +/+; lane 6, RARal +/—; lane 7, RARal —/—. (d) Western blot analysis of nuclear proteins isolated from RARa +/+, +/—,
and —/- embryos at 13.5 dpc. Lanes 1 and 2, transfected COS-1 cells expressing RARal and RARa2, respectively; lane 3, RARa +/+ embryos;
lane 4, RARa —/— embryos; lanes 5 and 6, RARa —/— embryos; lanes 7-10, transfected COS-1 cells expressing RARB1, -82, -83, or -p4,
respectively; lane 11, RARa +/+ embryos; lane 12, RARa +/— embryos; lanes 13 and 14, RARa —/— embryos. RARa-specific and
RARB-specific antisera were used in lanes 1-6 and 7-14, respectively. One to 5 ug of COS-1-transfectant protein extract and 70 ug of embryo
nuclear protein extract were loaded per lane (except in lanes 5 and 13 where =35 ug of protein was loaded). Upper band in lanes 3-6 corresponds
to a nonspecific immunoreaction.
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zygous embryos expressed wild-type RARal and -a2 RNAs
(Fig. 1c, lanes 5 and 6, and data not shown), but only the
mutant form of the RARal RNA (RARalmut) and RARa2
RNA were detectable in the homozygotes (Fig. 1¢, compare
lane 7 with lanes S and 6, and data not shown). RNA levels
of the two other RARs (RARB and RAR ) did not vary among
wild-type, heterozygous, and homozygous embryos for ei-
ther mutation (Fig. 1c), indicating that RARa does not play
a unique role in controlling RARB and RAR Yy, whose expres-
sion is enhanced by RA (refs. 27 and 28 and references
therein). Western blot analysis was also used to verify the
RARa disruption. Antibodies directed against the F region of
RARGa readily detected RARa in extracts from wild-type and
heterozygous 13.5-dpc embryos (Fig. 1d, lanes 3 and 4),
whereas it could not be detected in RARa homozygotes
(lanes 5 and 6). Immunoblotting with antibodies directed
against the F region common to all RARR isoforms did not
reveal any significant variation (within the sensitivity of the
assay) among the same protein extracts (Fig. 1d, lanes 11-14).

The viability of RARa- and RARal-null homozygotes was
determined by intercrossing heterozygous animals. RARal-
null homozygotes represented =~25% of the offspring at all
gestational and postnatal stages (Table 1 and data not shown).
Further, RARal homozygotes were fertile and intercrossing
of homozygotes generated litters of RARal-null animals
which appeared healthy, fertile, and phenotypically normal.
Histological analysis and whole-mount skeletal staining did
not reveal any detectable malformations in the RARal-null
homozygotes. When analyzed during gestation or after ce-
sarean delivery at 18.5 dpc, RARa-null homozygotes also
represented 25% of all embryos and fetuses, demonstrating
that full disruption of the RAR« gene is not embryonic lethal.
No obvious malformations or lesions were macroscopically
or histologically detected. However, genotyping of animals
as soon as 12-24 hr postpartum showed a 60% deficiency of
RARoa-null homozygotes. Yet all cesarean-delivered pups
survived up to 24 hr when isolated from their dams, indicating
that up to 60% of the homozygotes had been preferentially
cannibalized by their mother during this brief period (see
Table 1, 1 day postpartum). Analysis at later times showed a
continuing decrease in RARa-null homozygotes relative to
wild-type and heterozygous littermates, with homozygotes
representing only 3% of the total population at 1-2 months
(Table 1). In fact, 75% of the RARa-null homozygotes which
remained after 1 day disappeared during the next 1-2 months.
Some of these mice showed a slower growth rate after 1-2
weeks and before death became emaciated and lethargic. No
obvious malformations could be detected, with the exception
that 60% of these homozygotes displayed webbed digits on
both forelimbs and hindlimbs; however, the precise digits
fused varied between individuals and between limbs within

Table 1. Viability of RARa- and RARal-null offspring
No. alive (ratio to wild type)

Age -/- +/- +/+
RARa*/~ x RARa*/~ offspring
8.5-18.5 dpc 34 (0.9 64 (1.6) 39 (1.0)
1 day postpartum 13 (0.4) 56 (1.6) 36 (1.0)
2 weeks 15(0.2) 123 (1.9) 64 (1.0)
1-2 months 4(0.1) 90 (2.0) 45 (1.0)
RARal*/~ x RARal*/~ offspring
1-2 months 52 (0.9 108 (1.9) 58 (1.0)

Genotypes of offspring from intermatings of either RARa or
RARal heterozygotes are given. Different litters were genotyped at
the times shown. Hence, one can compare only rows of numbers. For
each time point, the distribution of offspring is shown in parentheses
relative to wild type (+/+). The percentage of RARa-null (—/-)
homozygotes decreases with time. This decrease plateaus at 1-2
months with only 10% of the RARa homozygotes still alive.
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the same animal. This interdigital webbing never regressed,
and staining of bone and cartilage showed that it was re-
stricted to soft tissues (data not shown). This phenotype was
not seen in wild-type or RARa-heterozygous mice, whose
digits become fully separated by 2 weeks of age.

The RARa homozygotes that survived for >2 months
surprisingly appeared superficially normal, being similar in
size to their wild-type or heterozygous littermates, but none
of the five males tested (up to the age of 5 months) sired any
offspring, even though caged with fertile wild-type females.
The testes of four of these males at 4-5 months showed
severe degeneration of the germinal epithelium (Fig. 2). The
parenchyma of the testes of RARa-null homozygotes dis-
played patchy lesions of the seminiferous tubules, with rare
tubules which appeared histologically normal (T1, Fig. 2 b
and f; compare with a and d), while adjacent tubules were
markedly atrophic (T3, Fig. 2c¢) and/or mostly devoid of
spermatogenic cells (e.g., spermatogonia, spermatocytes,
spermatids and spermatozoids; T2 in Fig. 2 b and c; Fig. 2e).
In addition, vacuolation was frequently seen within the
cytoplasm of Sertoli cells (v, Fig. 2 compare b and ¢ with a,
and e with d), and cytoplasmic expansions of these cells often
partially filled the lumen of the seminiferous tubules (T2, Fig.
2 b, c, and e). The lumen of the epididymal duct contained
very few spermatozoids (Z, Fig. 2 g and ). Thus, spermato-
genesis appeared to be drastically reduced in RARa-null
homozygotes, although it was not totally abolished as indi-
cated by the presence of a few spermatozoids in the semin-
iferous epithelium of rare tubules and in the lumen of the
epididymal duct. In contrast no lesions were observed in the
seminal vesicles and prostate (data not shown).

DISCUSSION

Animals fed a vitamin A-deficient diet develop a syndrome
which includes widespread substitution of keratinizing squa-
mous epithelium for normal epithelium, atrophy of several
glandular organs, eye lesions, testis degeneration, and ema-
ciation (1, 2, 5). These animals eventually die. In addition,
offspring of vitamin A-deficient females exhibit a broad array
of abnormalities which mainly involve the eye, genitourinary
tract, kidney, heart, and lung (3). Our results show that
RARa plays a crucial role in transducing the RA signal in
mice, since >90% of the RARa-null homozygotes died before
the age of 2 months. As is the case for the vitamin A
deficiency syndrome, some of these mice have a slower rate
of growth and become emaciated, even though no specific
lethal lesions can be identified macroscopically or histolog-
ically. Thus, RARea appears to be involved in the mainte-
nance of some homeostatic processes, as has been inferred
from its apparently ubiquitous expression in the adult animal
(9, 11-13). Surprisingly, with the exception of testis degen-
eration, RARa-null homozygotes do not display any of the
lesions associated with vitamin A deficiency. These obser-
vations suggest that the other RARs and/or RXRs (9) may
mediate the retinoid signal in the events which are reflected
by the occurrence of specific developmental abnormalities
and postnatal lesions associated with vitamin A deficiency;
alternatively, the other RARs and RXRs can substitute for
RAR«a in the retinoid control of these events. Since the
domains of expression of the other RAR and RXR transcripts
are generally more restricted than that of RAR« (refs. 9,
11-13, 30, and 31; P. Dollé, D. Décimo, and P.C., unpub-
lished results), it appears either that their expression domains
are wider than revealed by in situ hybridization or that in
many locations, transcription of the RARa gene does not
reflect an actual function of the receptor.

It has been claimed that retinol deficiency leads to testis
degeneration that cannot be reversed by RA administration,
implying that retinol plays a unique role not only in vision but
also in spermatogenesis (5, 32). The degeneration of the
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Fi1G.2. Degenerative lesions in testes of 4- to 5-month-old RARa-null homozygotes. Comparison of histological sections through the testes (a—f)
and epididymal ducts (g-h) of wild-type (4, d, and g) and RARa-null homozygotes (b, c, e, f, and k). (a) Parenchyma of wild-type testis is composed
of seminiferous tubules (T) with active spermatogenesis and intertubular spaces containing capillaries (CP) and Leydig cells (L). The aspect of the
seminiferous epithelium (or germinal epithelium) varies between tubules at different stages of the spermatogenic cycle; however, all tubules contain
primary spermatocytes (C), each of which will eventually yield four spermatozoids. B, basement membrane. (b and c) Parenchyma of testis of RAR«
homozygote shows a patchy pattern of seminiferous tubule lesions. These cover a wide spectrum, ranging from rare tubules with complete
spermatogenesis (e.g., T1) to tubules containing only Sertoli cells (e.g., T2) which may be enlarged, thus filling the tubules (e.g., T2 in ¢). A majority
of tubules lack primary spermatocytes (C). In addition, the seminiferous epithelium shows numerous large, clear, rounded spaces (vacuole-like,
V) and occasional clusters of degenerating spermatogenic cells (large arrow in c). In the intertubular spaces, focal hyperplasia of the Leydig cells
(L) is observed between atrophic seminiferous tubules (c). This hyperplasia is likely to result from the decrease in tubular diameter (compare T3
in ¢ with T in a; see ref. 29). (d—f) High-magnification micrographs of the walls of seminiferous tubules. (d) In wild-type testis, the seminiferous
epithelium consists of supporting cells, the Sertoli cells (S), and spermatogenic cells. The spermatogenic cells proliferate from stem spermatogonia
(G), located in contact with the basement membrane (B), and differentiate from the periphery toward the lumen of the seminiferous tubules. This
process yields different ontogenetically related cell types arranged in concentric layers—i.e., spermatogonia (G), primary spermatocytes (C), round
spermatids (D), and maturing spermatozoids (Z). (e and f) Two different aspects of the seminiferous epithelium in RARa-null homozygotes. Most
frequently, the early stages of spermatogenic cell differentiation (e.g., spermatogonia and primary spermatocytes) are missing (e) (in such a
degenerate epithelium, spermatogenesis no longer occurs). In rare cases, all stages of spermatogenic cell differentiation, including the round
spermatids (D) and maturing spermatozoids (Z), are seen (f). (g) Section through the tail of a wild-type epididymal duct; spermatozoids (Z) fill
the lumen. (%) Section through the tail of an epididymal duct of a RARa homozygote; the lumen of the duct contains acidophilic (blue) material
which is also present within large vacuoles (V) in the epithelium lining the duct (E), possibly as a consequence of extensive cellular absorption;
spermatozoids (Z) are occasionally identified in the lumen. Organs were immersed-fixed in Bouin’s fluid. Paraffin sections (5 um thick) were stained
with Groat’s hematoxylin and Mallory’s trichrome. [X217 (a—c, g, and k); x1085 (d—f).]

germinal epithelium in RARa-null homozygotes is similar, if
not identical, to that observed in males kept on a vitamin
A-deficient diet (32, 33). Thus, our results strongly suggest
that RA, and not retinol, is required for the maintenance of
spermatogenesis. This conclusion is supported by the obser-
vation that repeated administration of high doses of RA can
restore spermatogenesis in males fed a vitamin A-deficient
diet (34) and by the presence of CRABPI and RARa in germ
cells (35-37). The retinol requirement may reflect a blood—
testis barrier preventing RA delivery to the adluminal com-
partment of the seminiferous tubules (32, 38). Cellular retinol-
binding protein I-containing Sertoli cells which form this
blood-testis barrier may normally convert retinol to RA for

delivery to the germ cells (35, 38). It has been proposed (35)
that the blood-testis barrier is less restrictive in birds, where
the typical mammalian Sertoli-Sertoli cell junctions are ab-
sent and spermatogenesis can be restored by RA in retinol-
deficient animals (39).

The selective cannibalism of RARa-null newborns indi-
cates that they exhibit an abnormal phenotype which we have
not yet recognized but is recognized by their mothers. Not all
the null newborns are eaten, which suggests that the ‘‘can-
nibalizable’’ phenotype has a variable penetrance that may be
related to the nonhomogeneous genetic background of the
null homozygotes. Also, the variable penetrance of the
webbed-digit phenotype, which appears to be associated with
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early death (2-3 weeks), and the longer survival of a small
fraction of RARa-null homozygotes (=2 months) may have a
similar origin. Moreover, the webbing is often different when
pairs of limbs of a given animal are compared. This variabil-
ity, which cannot be accounted for by variations in the
genetic background, is most probably related to the stochas-
tic nature of gene activity (40) in the cells which give rise to
bilateral and symmetrical structures within an animal.

The transcripts of the major RAR« isoform, RARal, are
ubiquitously expressed, whereas those of the second most
common isoform, RARa2, could not be detected by in situ
hybridization (refs. 11 and 14; E. Ruberte, P. Dollé, and D.
Décimo, personal communication). It is therefore surprising
that, in agreement with a recent report (41), RARal-null
homozygotes did not exhibit any of the abnormalities seen in
RARa-null mice. This may mean that RARal and RARa?2 are
largely functionally redundant and that RARa2 may have a
wider domain of expression than suggested from the in situ
hybridization data. (Note, however, that the global expres-
sion of RARa?2 was not altered in RARa1-null homozygotes.)
Alternatively, in most places RARal transcription may not
reflect an actual function of this isoform, and RARa2 may
fulfill most of the function of the RAR«a gene. In any event,
the high degree of conservation of RARal across vertebrates
indicates that this isoform must perform some specific func-
tion conferring a selective advantage (see refs. 42 and 43).

The almost ubiquitous expression of RARa (mainly RARal)
has suggested that it may mediate RA induction of the RA-
responsive RARs—i.e., RARa2, RARB2, and RAR%2 (9, 14,
23, 28). No change in the level of their expression was seen in
RARa- or RARal-null homozygotes, indicating that if RARa
is involved in these inductions, its function must be redundant.
Note also that the level of expression of the RA-responsive
CRABPII gene (25, 44) was unchanged in RARa-null homozy-
gotes (Fig. 1¢). RARa s also the only RAR whose expression
could be detected in the precise rhombencephalic region (see
ref. 9 for review) where the product of the RA-inducible
homeogene Hoxa-1 (Hox-1.6) (45) plays a critical role during
morphogenesis (15, 46). No hindbrain or inner ear lesions
resembling those resulting from Hoxa-I deletion (refs. 15 and
46; M.M., T.L. and P.C., unpublished data) were seen in
RARa-null homozygotes. Therefore, it appears either that
Hoxa-1 expression is not critically dependent on RA induction
in the animal or that other RARs or RXRs whose expression
has not been detected by in situ hybridization in this region of
the hindbrain could control the RA responsiveness of Hoxa-1.
Disruption of other RARs and RXRs must be performed to
investigate these possibilities and the extent of redundancy
between these receptors.

We are grateful to N. Chartoire, J.-M. Bornert, B. Weber, C.
Fischer, and C. Marfing for technical assistance. We thank R.
Kemler for the gift of D3 ES cells, Ph. Kastner and C. Mendelsohn
for CRABPII and RARB cDNAs, and C. Egly, and Y. Lutz for
antibodies. This work was supported by the Institut National de la
Santé de la Recherche Médicale, the Centre National de la Recher-
che Scientifique, the Centre Hospitalier Universitaire Régional, the
Association pour la Recherche sur le Cancer, the Fondation pour la
Recherche Médicale, and the Human Science Frontier Program.
T.L. was supported by postdoctoral fellowships from the American
Cancer Society and the Fondation pour la Recherche Médicale; D.L.
by postdoctoral fellowships from the Medical Research Council of
Canada and the Université Louis Pasteur, Strasbourg, and P.G. by
a fellowship from the Ligue Nationale Contre le Cancer. T.L.,D.L.,
and M.M. should be considered as equal first authors.

1. Wolbach, S. B. & Howe, P. R. (1925) J. Exp. Med. 42, 753-777.

2. Underwood, B. (1984) in The Retinoids, eds. Sporn, M. B., Roberts,
A. B. & Goodman, D. S. (Academic, New York), Vol. 1, pp.
282-392.

[ NN N o T v S o S T S S S S SV
2,86 ® 8 &5 & R B B FEs

22.

23.

25.
26.
27.

29.
30.
31

32.
33.

35.
36.
37.
38.
39.

41.
42.
43.

45.
46.

MO X®eN U W

I
=e

Proc. Natl. Acad. Sci. USA 90 (1993) 7229

glglsg?é J. G., Roth, C. B. & Warkany, J. (1953) Am. J. Anat. 92,
?&wéionsg, J. E. & Wald, G. (1960) Proc. Natl. Acad. Sci. USA 46,
Thompson, J. N., Howell, J. M. & Pitt, G. A. J. (1964) Proc. R.
Soc. 159, 510-535.

Maden, M. & Tickle, C. (1991) Seminars in Developmental Biology
2 (Saunders, Philadelphia), pp. 151-226.

Morriss-Kay, G. (1993) BioEssays 15, 9-15.

Tabin, C. J. (199)) Cell 66, 199-217.

Leid, M., Kastner, P. & Chambon, P. (1992) Trends Biochem. Sci.
17, 427-433.

Linney, E. (1992) Curr. Top. Dev. Biol. 27, 309-350.

Leroy, P., Krust, A., Zelent, A., Mendelsohn, C., Garnier, J. M.,
Kastner, P., Dierich, A. & Chambon, P. (1991) EMBO J. 10, 59-69.
Dollé, P., Ruberte, E., Leroy, P., Morriss-Kay, G. & Chambon, P.
(1990) Development 110, 1133-1151.

Ruberte, E., Dollé, P., Chambon, P. & Morriss-Kay, G. (1991)
Development 111, 45-60.

Leroy, P., Nakshatri, H. & Chambon, P. (1991) Proc. Natl. Acad.
Sci. USA 88, 10138-10142.

Lufkin, T., Dierich, A., LeMeur, M., Mark, M. & Chambon, P.
(1991) Cell 66, 1105-1119.

Rochette-Egly, C., Lutz, Y., Saunders, M., Scheuer, 1., Gaub,
M. P. & Chambon, P. (1991) J. Cell Biol. 115, 535-545.

Gaub, M. P., Rochette-Egly, C., Lutz, Y., Ali, S., Matthes, H.,
Scheuer, I. & Chambon, P. (1992) Exp. Cell Res. 201, 335-346.
Rochette-Egly, C., Gaub, M. P., Lutz, Y., Ali, S., Scheuer, I. &
Chambon, P. (1992) Mol. Endocrinol. 6, 2197-2209.

Capecchi, M. R. (1989) Science 244, 1288-1292.

Chomczynski, P. & Sacchi, N. (1987) Anal. Biochem. 162, 156-159.
Kastner, P., Krust, A., Mendelsohn, C., Garnier, J. M., Zelent, A.,
Leroy, P., Staub, A. & Chambon, P. (1990) Proc. Natl. Acad. Sci.
USA 87, 2700-2704.

Maniatis, T., Fritsch, E. F. & Sambrook, J. (1987) Molecular
Cloning: A Laboratory Manual (Cold Spring Harbor Lab. Press,
Plainview, NY).

Zelent, A., Krust, A., Petkovich, M., Kastner, P. & Chambon, P.
(1989) Nature (London) 339, 714-717.

Stoner, C. M. & Gudas, L. J. (1989) Cancer Res. 49, 1497-1504.
Giguere, V., Lyn, S., Yip, P., Siu, C. H. & Amin, S. (1990) Proc.
Natl. Acad. Sci. USA 87, 6233-6237.

Gossler, A., Doetschman, T., Korn, R., Serfling, E. & Kemler, R.
(1986) Proc. Natl. Acad. Sci. USA 83, 9065-9069.

Mendelsohn, C., Ruberte, E., LeMeur, M., Morriss-Kay, G. &
Chambon, P. (1991) Development 113, 723-734.

Lehmann, J. M., Zhang, X. K. & Pfahl, M. (1992) Mol. Cell. Biol.
12, 2976-298S.

Nistal, M. & Paniagua, R., eds. (1984) Testicular and Epididymal
Pathology (Thieme-Stratton, New York).

Dollé, P., Ruberte, E., Kastner, P., Petkovich, M., Stoner, C. M.,
Gudas, L. J. & Chambon, P. (1989) Nature (London) 342, 702-705.
Mangelsdorf, D. J., Borgmeyer, U., Heyman, R. A., Zhou, J. Y.,
Ong, E. S., Oro, A. E., Kakizuka, A. & Evans, R. M. (1992) Genes
Dev. 6, 329-344.

Howell, J. M., Thompson, J. N. & Pitt, G. A. J. (1963) J. Reprod.
Fertil. 5, 159-167.

Ismail, N., Morales, C. & Clermont, Y. (1990) Am. J. Anat. 188,
57-63.

Van Pelt, H. M. M. & De Rooij, D. G. (1991) Endocrinology 128,
697-704.

Porter, S. B., Ong, D. E., Chytil, F. & Orgebin-Crist, M. C. (1985)
J. Androl. 6, 197-212.

Eskild, W., Ree, A. H., Levy, F. O., Jahnsen, T. & Hansson, V.
(1991) Biol. Reprod. 44, 55-61.

Kim, K. H. & Griswold, M. D. (1990) Mol. Endocrinol. 4, 1679—
1688.

Shingleton, J. L., Skinner, M. K. & Ong, D. E. (1989) Biochemistry
28, 9641-9647.

Thompson, J. N., Howell, J. M., Pitt, G. A. T. & McLaughin, C. I.
(1969) Br. J. Nutr. 23, 471-490.

Ko, M. S. H. (1992) BioEssays 14, 341-346.

Li, E., Sucov, H. M., Lee, K. F., Evans, R. M. & Jaenisch, R.
(1993) Proc. Natl. Acad. Sci. USA 90, 1590-1594.

Tautz, D. (1992) BioEssays 14, 263-266.

Brookfield, J. (1992) Evol. Genet. 2, 553-554.

Durand, B., Saunders, M., Leroy, P., Leid, M. & Chambon, P.
(1992) Cell 71, 73-85.

LaRosa, G. J. & Gudas, L. J. (1988) Mol. Cell. Biol. 8, 3906-3917.
Chisaka, O., Musci, T. S. & Capecchi, M. (1992) Nature (London)
355, 516-520.



